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Abstract—In this paper, the performance of a downlink syn-
chronous MC-CDMA system with joint frequency-time domain
spreading over time-variant frequency-selective Rayleigh fading
channels is investigated. We propose an adaptive two dimensional
MMSE (minimum mean square error) receiver, which works in
decision-directed model after the initial training period. Due to
the time variability, a subcarrier phase tracker, which comprises
a bank of phase locked-loops (PLLs), is employed in the proposed
receiver to track the fading phase variability. Furthermore, a
simplified phase tracker structure is proposed to reduce the com-
plexity of system. The theoretical bit error rate (BER) is derived
and simulation results indicate that the proposed receiver can
achieve good frequency diversity and subcarrier synchronisation,
compared to the conventional MCCDMA structures.
Index Terms - Adaptive receiver, two dimensional, phase locked
loops, frequency-selective Rayleigh fading
I. INTRODUCTION
Multicarrier CDMA is increasingly becoming integral to
wireless communication, mainly due to its high spectral ef-
ficiency, robustness to frequency selective fading and flexi-
bility to support integrated applications. Various MC-CDMA
schemes have been proposed and can be mainly categorized
into two types based on two different methods to combine
CDMA and OFDM [1], [2]. One is to spread the original
data sequence in the time domain; and the other is to spread
in frequency domain. The former scheme, so called MC-
DS-CDMA [3], has an obvious advantage in easily tracking
the fading process over subcarriers. However, the frequency
diversity gain, which is the main advantage of using mul-
ticarrier modulation technique, cannot be achieved. The lat-
ter scheme, which is usually called MC-CDMA, can obtain
good frequency diversity by employing combining strategies
such as Maximum Ratio Combining (MRC), Orthogonality
Restoring Combining (ORC), Equal Gain Combining (EGC)
and Minimum Mean Square Error Combining (MMSEC) since
the fading of each subcarrier is different. However, it is critical
to these combining strategies that perfect channel estimation
is required. Several papers have been dedicated to the perfor-
mance analysis of MC-CDMA in frequency selective fading
channels [4], however, some of them assume perfect subcar-
rier recovery at the receiver, while others propose channel
estimation strategies that require crucial information about all
active users, including their spreading codes and power levels,
which is not available at the mobile terminal [5]. Without this
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Fig. 1. the transmitter structure for MC-2D-CDMA.
information, the receiver performs poor, or even fails to work
in the presence of many users since the chip-based interference
from other users on each subcarrier makes the subcarrier phase
tracking impossible.
Recently, MC-CDMA employing two dimensional spread-
ing (frequency and time domain spreading), known as MC-2D-
CDMA, was investigated [6]. This scheme which combines
MC-CDMA and MC-DS-CDMA, can achieve good frequency
diversity gain, and subcarrier synchronisation, which is crucial
for coherent reception.
In this paper, a two dimensional adaptive MMSE multiuser
receiver is proposed for MC-2D-CDMA system, where the
Normalized Least Mean Square algorithm (NLMS) is em-
ployed. To optimize the receiver parameters, the proposed
receiver performs subcarrier recovery without other users’ in-
formation. Furthermore, the subcarrier phase tracker comprises
a bank of phase locked loops (PLLs).
The rest of the paper is organized as follows. In section
II, the MC-2D-CDMA system is briefly described and the
proposed MMSE receiver structure is presented. The perfor-
mance of MC-2D-CDMA is derived in section III. Numerical
and simulation results are discussed in section IV, and finally
conclusions are drawn in section V.
II. SYSTEM DESCRIPTION
A. MC-2D-CDMA Transmitter Model
A downlink synchronousMC-2D-CDMA with simultaneous
K users, which employs Quadrature Phase Shift Keying
(QPSK) modulation, is considered. The transmitter structure
is shown in Fig. 1.
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Fig. 2. the proposed receiver structure for MC-2D-CDMA.
In this figure, the data symbols bk(i) of the kth user
are firstly multiplied by frequency spreading code cfk with
spreading gain M . The frequency domain spread sequences are
S/P converted in parallel over M subcarriers. Each subcarrier
signal is multiplied by time spreading code ctk with spreading
gain N . After joint frequency-time spreading, the signal is
modulated by an OFDM modulator. The transmitted signal
for kth user may be expressed as
sk(t) =
M∑
m=1
[
cfk(m)
N∑
n=1
√
2Ebk(t)ctk(n)g(t− nTc)
]
· ej2πfmt,
(1)
where E is transmitted energy of each subcarrier; g(t) is a
rectangle function during [0,Tc]; fm is the mth subcarrier
frequency.
B. Channel Model
We consider a downlink multipath channel with L paths
in the complex equivalent low-pass time-variant impulse re-
sponse
h(t, τ) =
L∑
l=1
αl(t)δ(τ − τl), (2)
where αl(t) is the lth path gain, which is a complex Gaussian
random process; τl is the propagation delay for the lth path;
δ(·) is the Dirac delta function.
If the propagation delay is shorter than the duration of the
cyclic prefix, then its assumed that each subcarrier experiences
a flat Rayleigh fading channel. Denoting the channel gain for
the mth subcarrier as Hm, which can be expressed as
Hm(t) =
L∑
l=1
αl(t)e−j2πm/Mτl . (3)
For the sake of analysis, it can be written as
Hm(t) = ρm(t)ejθm(t). (4)
where the ρm amplitudes are assumed to be highly correlated
Rayleigh random variables for different subcarriers; the phase
shift of θm(t) each individual subcarrier is assumed to be
uniformly distributed on the interval [0, 2π). Thus, the received
signal at the mobile terminal over a channel can be expressed
as
r(t) =
K∑
k=1
{ M∑
m=1
ρm(t)c
f
k(m)
[ N∑
n=1
√
2Ebk(t)ctk(n)
· g(t− nTc)
]
e(j2πfmt+θm(t))
}
+ n(t),
(5)
III. PROPOSED RECEIVER MODEL
A. Two-Dimensional MMSE Receiver
A block diagram of the proposed two-dimensional MMSE
receiver is shown in Fig 2. Without loss of generality, our aim
is to detect the first user (k=1) , which will be referred to as
the desired user. The received signal is fed into the OFDM
demodulator to remove the cyclic prefix and be processed by
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Fig. 3. structure of simplified subcarrier phase tracker.
FFT. The post-FFT received vector can be written as
rm(i) = ρm(i)ejθm(i)
K∑
k=1
cfk(m)bk(i)c
t
k + vm(t), (6)
where vm(t) is AWGN vector at the mth subcarrier.
Each of the M received vectors is firstly processed by a
phase corrector and a time domain MMSE filter wtk,m to
form zˆk,m = wtk,m(i)
Hrm(i)e−jθˆm(i), for m = 1, 2, ...,M ,
where θˆm(i) is the estimated phase of the mth subcarrier. The
subcarrier phase tracker comprises a bank of phase locked
loops (PLLs), which can be expressed mathematically as
θˆm(i + 1) = θˆm(i) + K1ϕm(i)+K1K2
i−1∑
n=0
ϕm(n),
m = 1, ...,M.
(7)
where ϕm(i) = Im{zk,m(i)zˆk,m(i)∗} is the phase-error mea-
surement, zk,m(i) = c
f
k(m)bk(i) in traning mode or zk,m(i) =
cfk(m)bˆk(i) in decision-directed mode.
Subsequently, the vector zˆk = {zˆk,1, ..., zˆk,M} is processed
by a frequency domain MMSE filter. That is
bˆ1(i) = sgn(w
f
1 (i)
Hz1(i)). (8)
We next consider performing a two-dimensional adaptive
MMSE filter. For the mth subcarrier, the time domain MMSE
filter is designed to minimize the mean-squared error
Jm = E(|et1,m(i)|2)
= E(|cf1 (m)b1(i) −wt1,m(i)Hrm(i)e−jθˆm(i)|2),
(9)
and the NLMS solution can be derived as
wt1,m(i + 1) = w
t
1,m(i) +
µ˜t
at + ‖rm(i)‖2rm(i)
· e−jθˆm(i)et1,m(i)∗,
(10)
where µ˜tis the step size and at is very small non-negative
constant. In the same manner, for the ith symbol the frequency
domain filter wf1 minimizes the mean-squared error:
J = E(|ef1 (i)|2)
= E(|b1(i) −wf1 (i)Hz1(i)|2).
(11)
Then we can obtain the solution as
wf1 (i + 1) = w
f
1 (i) +
µ˜f
af + ‖z1(i)‖2z1(i)e
f
1 (i)
∗, (12)
where µ˜f is the step size for the frequency domain filter and
af is very small non-negative constant.
B. Simplified Phase Tracker Scheme
Due to the correlation among the subcarriers, the phase of
many neighbouring fading branches can be tracked by only
one PLL. Therefore, the number of PLLs can be reduced; and
the complexity of the system can be reduced as well as a
consequence. The proposed simplified phase tracker scheme
is shown in Fig. 3. Supposing that M subcarriers are grouped
into L branches, the PLL of each branch can be written as:
θˆl(i + 1) = θˆl(i) + K1ϕl(i)+K1K2
i−1∑
n=0
ϕl(n),
l = 1, ..., L.
(13)
where ϕl(i) = Im{xk,l(i)xˆk,l(i)∗}, xk,l = cfk,l
T
cfk,lbk(i) or
cfk,l
T
cfk,lbˆk(i) in training mode or decision-directed mode,
respectively. xˆk,l(i) = w
f
k,l(i)
H
zˆk,l(i),and c
f
k,l,w
f
k,l(i), zˆk,l(i)
denote the lth sub-vectors of cfk ,w
f
k(i), zˆk(i) respectively
corresponding the lth branch of grouped subcarriers.
The best performance is obtained if number of PLLs is equal
to number of subcarriers. However, there is a trade-off between
complexity and performance.
IV. PERFORMANCE ANALYSIS
In this section, the BER expression of MC-2D-CDMA is
derived based on the Gaussian approximation and MMSE
criterion. For the simplicity of analysis, the zero-th symbol
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is assumed to be detected. We can re-write the received 2D
spread signal in the matrix notation as
R = CAd +n, (14)
where
C = [c1, c2, ..., cK ], (15a)
ck = [c
′f
k (1)c
t
k(1), ..., c
′f
k (1)c
t
k(N), ..., (15b)
c′fk (M)c
t
k(1), ..., c
′f
k (M)c
t
k(N)]
NM×1,
c′fk = [c
f
k(1)H1, ..., c
f
k(M)HM ], (15c)
A = diag(A1, ..., Ak), (15d)
d = [d1(0), ..., dK(0)], (15e)
and n denotes complex Gaussian noise vector with zero mean
and covariance matrix
Γ =
σ2
T
I ∈ RNM×NM . (16)
Without loss of generality, we assume that the first user is
the desired user. The optimum filter for w based on MMSE
criterion is the well known Wiener-Hopf solution
wopt = R−1p, (17)
where R represents the correlation matrix of the vector r , and
p denotes the cross-correlation vector. The optimum weight
vector that maximizes the output signal to interference plus
noise ratio (SINR) of the receiver is given as [7]
SINRmax =
‖wHoptck‖2
wHoptΓwopt + ‖wHoptC¯kA¯k‖2
= A21c
H
k (C¯ kA¯kC¯
H
k + Γ)
−1ck,
(18)
where C¯k and A¯kdenote the matrix C¯ and A¯ without the kth
column. Since the MAI plus noise at the output of the filter is
approximately Gaussian, the probability of error is given by
Pe(H) = Q(
√
2SINRmax), (19)
the average BER over all channels is thus obtained by
P kav =
∫
H
Pe(H)f(H)dH, (20)
where f(H) represents the joint probability density function
of the channel coefficients. The BER performance is obtained
by averaging over all active users, which can be written as
BER =
1
K
K∑
k=1
P kav. (21)
V. SIMULATION RESULTS
In this section, the theoretical performance and computer
simulation results are presented. It is assumed that the number
of users is 15, the length of spreading code for both time
domain and frequency domain is 16, and the number of
subcarriers is 16. Furthermore, four channels are considered:
the first two are simple 2-ray and 4-ray multipath delay
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Fig. 4. Theoretical performance comparison between MC-2D-CDMA and
MC-DS-CDMA.
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Fig. 5. BER vs SNR performance comparison between MC-2D-CDMA
and MC-DSCDMA in time-varying multipath for 2-ray and 4-ray channels
respectively, the vehicle speed v = 65 km/h.
profiles; and the other two types of channel are modelled as
correlated Rayleigh channels with correlation coefficients 0.5
and 0.8, respectively.
Fig. 4 shows that the theoretical BER performance for
MMSE solution of MC-2D-CDMA in the time varying
Rayleigh fading channel, which is obtained by evaluating (19),
(20) and (21), is compared with that of conventional MC-
DS-CDMA. Each subcarrier data stream of MC-2D-CDMA
is based on the chip-spread signal, on the other hand, that of
MC-DS-CDMA is based on symbol-spread signal. Thus, the
frequency diversity is more easily achieved by the 2D structure
and the BER performance improves. It is obvious that the
SNR gain at BER 10−3 level of MC-2D-CDMA compared
with MC-DS-CDMA is about 3 dB in both 2-Ray and 4-Ray
channels.
Fig. 5 indicates that the simulation BER performance of the
proposed receiver compared with MC-DS-CDMA, can result
in more than 3 dB gain in 4-ray fading channel and 2 dB
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Fig. 6. BER vs SNR performance of MC-2D-CDMA with different numbers
of PLLs in Correlated Rayleigh fading channels, v = 65 km/h
gain in 2-ray fading channel respectively. In any case, the
simulation results agree with the theoretical analysis, however,
due to the phase noise introduced by the phase tracker, the
simulation results cannot match the theoretical performance
perfectly.
In Fig. 6, we investigate the performance of proposed re-
ceiver with different numbers of PLLs in a correlated Rayleigh
fading channel. We can see that in the case exhibiting low
correlation coefficient (50% correlated), the proposed receiver
with a full number of PLLs (the number of PLLs is equal to the
number of subcarriers, here, it is equal to 16) performs well,
while with decreasing the number of PLLs, the performance
degrades rapidly. On the other hand, in the case with high
correlation coefficient (80% correlated), the performance of
proposed receiver degrades only 1 dB by comparing 4 PLLs
and 16 PLLs. Furthermore, only one PLL is enough in the flat
fading case(100% correlated). It is known that in a realistic
scenario, the multicarreir systems experience highly correlated
fading. Thus, the proposed simplified subcarrier phase tracker
can reduce the complexity of downlink systems.
VI. CONCLUSION
In this paper, we investigated MC-CDMA systems with
two-dimensional spreading in time-variant frequency-selective
Rayleigh fading channels and proposed an adaptive two di-
mensional MMSE receiver with subcarrier phase tracker. The
theoretical performance and simulation results are presented
to indicate that the MC-2D-CDMA system can obtain better
performance than the conventional MC-DS-CDMA. Moreover,
results show that in fading with higher correlation coefficients,
the proposed simplified phase tracker performs better than in
fading with lower correlation coefficients.
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